Graphene, an important member in the family of carbon nanomaterials, has drawn enormous attention since its discovery.^[@ref1],[@ref2]^ With a conjugated hexagonal structure of carbon atoms, graphene has shown outstanding properties in mechanical strength, optical transparency and electronic and thermal conductivity, which leads to interest in fields such as electronics for transparent conductive electrodes,^[@ref3],[@ref4]^ and field effect transistors (FETs).^[@ref5],[@ref6]^ A 1:1 mixture of boron and nitrogen (boron nitride, BN) is isoelectronic to carbon and can also form hexagonal low dimensional nanomaterials including 2D *h*-BN and 1D BN nanotubes (BNNTs), which share an atomic structure similar to graphene and carbon nanotubes (CNTs).^[@ref7],[@ref8]^ The BN nanomaterials are similar to or more transparent, thermally stable, and thermally conductive than carbon nanomaterials, yet 2D *h*-BN is insulating with a bandgap up to 5.9 eV.^[@ref9]^

Due to having similar hexagonal structures, B--N and C--C bonds tend to segregate in BCN systems.^[@ref10]^ Much research has been directed to the study of hybridized hexagonal BCN structures as they provide a new approach to tailor the physical and chemical properties of 2D nanomaterials.^[@ref11]−[@ref15]^ Interesting applications include high-performance oxygen reduction reaction (ORR) catalysts,^[@ref14]^ bandgap modifications of BN-doped graphene,^[@ref13],[@ref16]^ and as active layers in FETs.^[@ref15]^ However, current studies of BCN structures have been limited to the hybridization between 2D graphene and 2D *h*-BN, or doping of carbon/BN nanomaterials by B, N or C atoms; yet the hybridization between 2D graphene and 1D BNNTs remains unstudied.

Recently, our group reported the synthesis of a 2D hybrid structure of 2D graphene and 1D CNTs, called rebar graphene, *via* an annealing and growth protocol that produces graphene with enhanced mechanical strength due to the reinforcement effect of the CNTs.^[@ref17]^ Characterization showed that the CNTs were partially unzipped and merged into the graphene layer to generate covalent connections between the two materials. Similarly, taking advantage of this concept of rebar graphene and the shared hexagonal structure of BNNTs and graphene, here we report a 2D hybrid BCN structure of 2D graphene and 1D BNNTs, namely rebar graphene with BNNTs. This rebar film was synthesized from functionalized or wrapped BNNTs, where the covalent bonding between partially unzipped BNNTs and graphene enhanced the mechanical strength of the 2D sheet enabling transfer of the sheet to another substrate without polymer adhesion.

Results and Discussion {#sec2}
======================

The synthesis scheme of the rebar graphene with BNNTs (RGBNNT) is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. Highly crystalline, long, few-walled BNNTs synthesized by a catalyst-free high temperature pressure (HTP) laser heating method ([Supporting Information Figure S1](#notes-2){ref-type="notes"}) were used as starting materials.^[@ref18]^ Functionalized BNNT solutions were prepared using two approaches. In the first approach, 2-ethylhexanoyl functionalized-BNNTs (RCO~2~--BNNTs) were prepared by sonicating BNNTs with HNO~3~ to introduce hydroxyl groups (HO-BNNTs),^[@ref19]^ followed by reaction with 2-ethylhexanoyl chloride for 120 h to form the 2-ethylhexanoyl esters.^[@ref20]^ Surfactant (Pluronic F127) dispersed BNNTs (Pluronic/BNNTs) were prepared by tip-sonicating BNNTs with Pluronic F127 solution for 1 min. Digital photos of the functionalized BNNT solutions and TEM images of single RCO~2~--BNNT and Pluronic/BNNT tubes are shown in [Supporting Information Figure S2](#notes-2){ref-type="notes"}. The functionalized BNNT solutions (0.2 mg/mL) were spin-coated onto pretreated Cu foils (1 cm × 1 cm).^[@ref21]^ The synthesis of rebar graphene was then performed in a tubular furnace with and without CH~4~ as the carbon source. When using CH~4~ as the carbon source, the Cu foils were loaded into a CVD furnace at 1077 °C, annealed with 500 sccm H~2~ at 7 Torr for 5 min, and then an additional 1 sccm CH~4~ was introduced for 15 min. When not using CH~4~ as the carbon source, the Cu foils were loaded into a furnace at 1077 °C, and then annealed with 500 sccm Ar and 50 sccm H~2~ at 7 Torr for 20 min. In this case, the RCO~2~-functional groups or the wrapped Pluronic surfactant served as the carbon sources for the graphene growth. Experimental details are included in the [Supporting Information](#notes-2){ref-type="notes"}. To simplify, the synthesis of RGBNNT using RCO~2~--BNNTs and CH~4~ is denoted as method 1; the synthesis of RGBNNT using RCO~2~--BNNTs without CH~4~ is denoted method 2; the synthesis of RGBNNT with Pluronic/BNNTs with CH~4~ is denoted as method 3; and the synthesis of RGBNNT with Pluronic/BNNTs without CH~4~ is denoted as method 4. All growth methods afforded nearly identical 2D-film products.

![(a) The synthesis of RGBNNT was accomplished by first depositing functionalized BNNTs onto Cu foil, and then conducting the CVD or solid carbon source process for graphene growth. (b) Raman spectra (excited with 514 nm laser) of as-grown RGBNNT on a SiO~2~/Si substrate, showing that single-layer graphene sheets were synthesized using method 1 and method 3. (c) Photograph of free-floating RGBNNT synthesized using method 1. Red highlights are used to enhance visualization of the high-transparency rectangular film.](nn-2014-05792n_0001){#fig1}

To investigate the formation of graphene after annealing or CVD growth, Raman spectra were taken of the product on the Cu foils ([Supporting Information Figure S3](#notes-2){ref-type="notes"}). For all four methods, the representative Raman spectra show a G band at ∼1585 cm^--1^ and a 2D band at ∼2690 cm^--1^, similar to those of graphene synthesized using the CVD reaction with CH~4~ as the carbon source but without any BNNTs. As the ratio between the intensity of the 2D band and the G band in Raman spectra has been widely used to determine the number of layers of graphene,^[@ref22],[@ref23]^ the as-grown RGBNNT was found to be single-layer graphene with a 2D/G intensity ratio of ∼3, similar to that from rebar graphene made using CNTs.^[@ref17]^

Interestingly, while an external gas flow (CH~4~ for instance) is often used as the primary carbon source for graphene growth,^[@ref24]^ here monolayer graphene was also synthesized without introducing CH~4~ (method 2 and method 4), as shown in [Supporting Information Figure S3](#notes-2){ref-type="notes"}. In this case, the RCO~2~--BNNTs functional groups or the Pluronic surfactant in the Pluronic/BNNTs were alternative carbon sources for graphene growth.^[@ref17]^ This CH~4~-free approach, similar to the use of solid carbon sources for graphene growth,^[@ref25]−[@ref28]^ provides another method for the synthesis of RGBNNT.

To eliminate the influence of Cu fluorescence and obtain better resolution for the Raman analyses, the synthesized RGBNNT and graphene produced without BNNTs were transferred onto SiO~2~/Si substrates followed by Raman analyses. From [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, compared to the control (single-layer graphene), the RGBNNT made from method 1 and method 3 both showed weak but higher D band (∼1345 cm^--1^) and D′ band (∼1620 cm^--1^, shoulder peak) signal, which originate from the distortion in the graphene lattice.^[@ref29]^ In addition, from the Raman mapping data shown in [Supporting Information Figure S4](#notes-2){ref-type="notes"}, RGBNNT made from all four methods show higher D/G ratios in a 100 μm^2^ area when compared with single-layer graphene, yet with a relatively constant range for 2D/G ratios. These increased distortion peaks within RGBNNT were caused by graphene/BN hybridization,^[@ref13],[@ref15]^ yet the single-layer characteristic of graphene is well-retained. Although the distribution of the D/G ratio is not perfectly uniform throughout the mapped area, this variation is probably not a good correlation with the position of the BNNTs, as the size of BNNTs, with a diameter of 5 to 10 nm, is much smaller than the size of the Raman laser spot, with a diameter of 1 to 2 μm. The Raman spectra of spin-coated BNNTs on Cu foils are shown in [Supporting Information Figure S5](#notes-2){ref-type="notes"}, with a weak peak at ∼1370 cm^--1^, corresponding to the hexagonal BN structure.^[@ref30],[@ref31]^ After graphene growth, however, these weak peaks were no longer observed ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, [Supporting Figure S5](#notes-2){ref-type="notes"}), indicating the damage of the BNNT structure, as induced by the interaction between graphene and BNNTs which share the hexagonal structure.

For most conventional methods, the use of a polymer to assist transfer is required when graphene^[@ref32],[@ref33]^ or graphene-like 2D materials^[@ref34],[@ref35]^ are transferred onto other substrates after growth. To test the mechanical strength and ability to transfer without assistance from a polymer, the RGBNNT on Cu foil (method 1) was etched in (NH~4~)~2~S~2~O~8~/H~2~O/C~4~H~9~OH without PMMA protection to dissolve the Cu substrate. The remaining RGBNNT floated on 1% butanol in H~2~O without any breakage ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c and [Supporting Information Figure S6a](#notes-2){ref-type="notes"}); this was also the case for RGBNNT grown using methods 2--4 ([Supporting Information Figure S6b--d](#notes-2){ref-type="notes"}). As a control experiment, a graphene film grown on a Cu substrate without BNNTs was also tested for transferring without PMMA protection. Interestingly, this sample (not shown) broke apart when floated on a water/butanol surface. Admittedly this test is not a quantitative measurement for robustness determination. On the basis of this result, BNNTs also form a rebar network within the monolayer graphene film and in turn the mechanical strength of the 2D film was enhanced.

To examine the formation of BNNT networks within the graphene layer, scanning electron microscope (SEM) images of RGBNNT transferred to a SiO~2~/Si substrate are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Supporting Information Figure S7](#notes-2){ref-type="notes"}; almost no obvious BNNT bundles are observed, indicating the formation of a 2D hybrid sheet similar to rebar graphene with CNTs.^[@ref17]^ The as-produced RGBNNT was transferred onto a transmission electron microscope (TEM) grid for further characterization. From a representative TEM image ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), a BNNT network could be observed on the continuous 2D sheets. The existence of the underlying graphene sheet was examined by selected area electron diffraction (SAED) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), and the hexagonal crystalline structure of graphene could be confirmed.^[@ref21]^ From a higher resolved TEM image ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d and [Supporting Information Figure S8](#notes-2){ref-type="notes"}), the partial unzipping of a BNNT is observed with the disappearance of part of the sidewall of the BNNT, suggesting the covalent interaction between BNNT sidewalls and the graphene sheet, as it is widely reported that BN atoms can covalently network with CNTs^[@ref11],[@ref12]^ or graphene^[@ref14],[@ref15]^ based on the shared hexagonal structure to generate the BCN structure. Further evidence of BCN hybridization is provided by electron energy loss spectroscopy (EELS) elemental mapping shown in [Supporting Information Figure S9](#notes-2){ref-type="notes"}. It is observed that B and N atoms are mostly distributed along the BNNT, with some diffusion into the graphene layer, as a result of the BCN hybridization. The C atoms, on the other hand, are uniformly distributed within the image area. The covalent BCN hybridzation should in turn cause the increase of D band in the Raman spectra of RGBNNT as the atomic structure of graphene is influenced by BN introduction.^[@ref13],[@ref15]^

![(a) Typical SEM image of transferred RGBNNT (method 1) on a SiO~2~/Si substrate; very few obvious BNNT bundles were observed. (b) Typical TEM image of BNNT networks within a RGBNNT (method 3) layer. (c) SAED pattern of a RGBNNT film (method 3) on a TEM grid; the hexagonal pattern corresponds to the hexagonal structure of the graphene sheet. (d) A TEM image of partially unzipped BNNTs within the RGBNNT film (method 3).](nn-2014-05792n_0002){#fig2}

To further characterize the behavior of BNNTs within the monolayer graphene sheet, atomic resolution scanning transmission electron microscopy (AR-STEM, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) images of RGBNNT (method 3) were taken. To confirm the hexagonal structure of graphene, an AR-STEM image was first taken on a graphene sheet without any appearance of BNNTs. From [Supporting Information Figure S10](#notes-2){ref-type="notes"} (without filter) and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a (with filter), the hexagonal atomic structure of the graphene sheet is observed, and the distorted direction of the hexagons indicates the graphene sheet is polycrystalline with the existence of grain boundaries.^[@ref36]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,d--f are the bright field (BF) AR-STEM images, and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,g--i are the dark field (DF) AR-STEM images of BNNTs within the graphene layer. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c shows two interconnected BNNTs with an intersection angle of ∼90°; these two BNNTs are part of the BNNT network that strengthens the underlying 2D layer. [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d and [3](#fig3){ref-type="fig"}g show a BNNT with a section of the sidewall gone that unzipped and merged with the graphene forming BCN hybrid. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,h shows a BNNT where the left side of the sidewall remains intact while the right side of the wall is completely decomposed. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f,I shows a BNNT with both sidewalls gone, which could be defined as a BN nanoribbon instead of a BNNT. Interestingly, from these images, the BNNTs have partially unzipped and the atoms have merged into the graphene layer, resulting in a BCN hybrid structure.

![AR-STEM images of a RGBNNT film (method 3). (a) A BF AR-STEM image of RGBNNT with filter applied. (b, d--f) BF AR-STEM and (c, g--i) DF AR-STEM images of BNNTs within the RGBNNT film. (b and c) Two interconnected BNNTs; (d and g) a BNNT with a section of the sidewall gone (unzipped); (e and h) a partially unzipped BNNT with the walls at one side merged into the graphene film; (f and i) a completely unzipped BNNT with walls on both sides merged into the graphene film.](nn-2014-05792n_0003){#fig3}

Because two types of interaction, noncovalent interaction and covalent bonding, could exist between the graphene and BNNTs, a control experiment was designed to demonstrate that the enhanced mechanical strength of RGBNNT results primarily from the covalent bonding between graphene and BNNT domains. A graphene film grown on Cu was spin-coated with BNNTs, and then etched without PMMA protection in the same way as the RGBNNT sample. This control sample, with only noncovalent interaction between the spin-coated BNNTs and graphene, broke into pieces in 1% butanol in H~2~O. Hence, the covalent reinforcement is required for increased mechanical strength.

To analyze the elemental composition of the RGBNNT, X-ray photoelectron spectroscopy (XPS) spectra were taken of the as-grown RGBNNT on the Cu foils ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Supporting Information Figures S11--S14](#notes-2){ref-type="notes"}). Since the RGBNNT is mainly composed of graphene, the position of 284.5 eV for sp^2^ C 1s peak is used as standard to shift all other peaks.^[@ref17],[@ref37]^ After calibration, the B 1s peak is located at 189.8 eV, and the N 1s peak is located at 397.5 eV; both energies are similar to the values reported for *h*-BN^[@ref38]^ or other BCN hybrid structures.^[@ref13],[@ref15]^ Interestingly, a side peak of N 1s is observed at 400.2 eV, corresponding to the N--C bond as is reported with N-doped graphene,^[@ref39]^ which provides further evidence toward the covalent interaction between partially unzipped BNNT and graphene sheet; no obvious side peak of B 1s is observed due to the low S/N ratio. The concentrations of B and N atoms within RGBNNT were found to be 2 to 3%, indicating carbon is the dominant part of the 2D hybrid film.

![XPS spectra of RGBNNT (method 1). (a) Survey, (b) B 1s, (c) C 1s, (d) N 1s.](nn-2014-05792n_0004){#fig4}

To further characterize the properties of RGBNNT, the as-grown RGBNNT films were transferred onto glass slides, using the polymer-free method, for transmittance and conductivity measurements ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b). For RGBNNT made from method 1, the transmittance at 550 nm was 97.0% with a sheet resistance of 36 kΩ/□. For RGBNNT made from method 3, the transmittance at 550 nm was 98.1% with a sheet resistance of 24 kΩ/□. The resistance of RGBNNT is significantly higher than that of monolayer graphene (∼1 kΩ/□)^[@ref33]^ or rebar graphene with CNTs (0.6 kΩ/□);^[@ref17]^ this is a result of the impregnation of graphene by insulating BNNTs. A noncovalent interaction should not significantly lower the electrical conductivity of an intact graphene layer, further suggesting the hybridization through covalent interaction in the RGBNNT. As for optical transmittance, RGBNNT has the same transmittance value as monolayer graphene (97.4%)^[@ref33]^ at 550 nm; BNNTs absorb little light in the visible region,^[@ref7]^ while the high optical absorbance of CNTs makes rebar graphene with CNTs (95.6%)^[@ref17]^ slightly darker.

![UV--vis spectra of RGBNNT films transferred onto glass slides without the assistance of a polymer. (a) RGBNNT made from method 1, the transmittance at 550 nm was 97.0% with a sheet resistance of 36 kΩ/□ (insert is a photograph of the film on glass). (b) RGBNNT made from method 3, the transmittance at 550 nm was 98.1% with a sheet resistance of 24 kΩ/□ (inset is a photograph of the film on glass). (c) A SEM image of the fabricated RGBNNT (method 1) FET on 300 nm SiO~2~/highly doped p-type Si substrate; the red arrow is pointed at the RGBNNT nanoribbon with a width of 10 μm. The four Au electrodes with a separation distance of 14 μm are 90° to the RGBNNT. (d) The drain current as a function of the voltage applied to the back (bottom) gate of the device shown in (c). And the derivative of the drain current *vs* the back gate voltage. The source-drain voltage was 1 V.](nn-2014-05792n_0005){#fig5}

To investigate the electrical properties of RGBNNT, a FET was fabricated on a lithography-cut strip of the RGBNNT (method 1). The strip was on SiO~2~ (300 nm)/highly doped p-type Si with four electrodes and tested at 10^--5^--10^--6^ Torr at room temperature, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d shows the *V*~g~--*I*~d~ curve with the back-gate voltage ranging from −40 to 100 V at *V*~d~ = 1 V. The RGBNNTs shows an ambipolar semiconducting behavior (typical of CVD graphene^[@ref3],[@ref33],[@ref40]^) with a charge-neutrality point at ∼95 V, which indicates highly p-doped material due to the BNNT hybridization on the graphene grain boundaries, in agreement with other BCN hybrid structures.^[@ref13],[@ref15],[@ref41]^ The carrier mobility of the RGBNNT FET device was ∼20 cm^2^V^--1^s^--1^ based on the slope of I~d~ variation with back-gate voltages. This is much smaller than the mobility reported for rebar graphene with CNTs (1500--2200 cm^2^V^--1^s^--1^)^[@ref17]^ or single layer graphene (2000--4000 cm^2^ V^--1^ s^--1^)^[@ref3],[@ref33],[@ref40]^ on SiO~2~. This can be attributed to the scattering of electrons at the interfaces or boundaries between the graphene and BNNT domains, similar to that seen in CVD hexagonal BCN FET devices (5--20 cm^2^V^--1^s^--1^).^[@ref13]^ These results are consistent with the RGBNNT components being covalently bonded rather than having solely a BNNT/graphene stacking structure. The ON/OFF ratio of this FET device was ∼2.5, similar to that seen in single-layer graphene (1--5),^[@ref3],[@ref33],[@ref40]^ and also similar to CVD h-BCN devices (1--2).^[@ref13]^

Conclusions {#sec3}
===========

RGBNNT was successfully synthesized using functionalized BNNTs. Similar to rebar graphene with CNTs, BNNTs formed a rebar network within the graphene layer, and enhanced the mechanical strength of graphene, making it possible to transfer the layer to another substrate without assistance from a polymer. The BNNT-graphene interface was investigated using AR-STEM, and it was shown that BNNTs were partially unzipped and merged into the graphene layer to generate a BCN hybrid structure, which resulted in an increased D band in the Raman spectra and an increased sheet resistance. The electronic properties of the RGBNNT were measured using a FET. The synthesis of this new kind of 2D hybrid provides an alternative and easy approach toward the hybridization between C and BN nanostructures, while the extension into other graphene-like 2D hybrid structures is foreseeable.

Methods {#sec4}
=======

The Raman spectra were recorded with a Renishaw Raman RE01 scope. SEM images were taken using a JEOL 6500F Scanning Electron Microscope. TEM characterizations were performed using a 200 kV JEOL FE2100 TEM. STEM images were collected with a JEOL JEM-ARM200F operated at 80 kV equipped with a Cs probe corrector. A six-probe station (Desert Cryogenic TT-probe 6 system) was used to measure the electrical properties under a pressure of 10^--5^--10^--6^ Torr at room temperature using an Agilent B1500A Semiconductor Device Analyzer. XPS was performed on a PHI Quantera SXM scanning X-ray microprobe with 100 μm beam size and 45° takeoff angle, and calibrated using C 1s at 284.5 eV.
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